We study the spin alignment of galaxies and halos with respect to filaments and walls of the cosmic web, identified with DISPERSE, using the SIMBA simulation from z = 0 − 2. Massive halos' spins are oriented perpendicularly to their closest filament's axis and walls, while low mass halos tend to have their spins parallel to filaments and in the plane of walls. A similar mass-dependent spin flip is found for galaxies, albeit with a weaker signal particularly at low mass and low-z, suggesting that galaxies' spins retain memory of their larger-scale environment. Low-z star-forming and rotation-dominated galaxies tend to have spins parallel to nearby filaments, while quiescent and dispersion-dominated galaxies show preferentially perpendicular orientation; the star formation trend can be fully explained by the stellar mass correlation, but the morphology trend cannot. There is a strong dependence on HI mass, such that high-HI galaxies tend to have parallel spins while low-HI galaxies are perpendicular, which persists even when matching samples in stellar mass, suggesting that HI content traces anisotropic infall more faithfully than the stellar component. Finally, at fixed stellar mass, the strength of spin alignments correlates with the filament's density, with parallel alignment for galaxies in high density environments. These findings are consistent with conditional tidal torque theory, and highlight a significant correlation between galactic spin and the larger scale tides that are important e.g. for interpreting weak lensing studies. SIMBA allows us to rule out numerical grid locking as the cause of previously-seen low mass alignment.
INTRODUCTION
Understanding the origin of the diversity of galaxy morphologies seen today, the so-called Hubble sequence, is one of the biggest challenges of the theory of galaxy formation. The morphology of galaxies is intimately related to their angular momentum, which is acquired from the large-scale structure of the Universe through cosmic flows of matter, mergers, and interactions. The theory of structure formation thus suggests that galaxy morphology is partially driven by the large-scale anisotropic environment.
In the standard paradigm, the angular momentum (or spin) of proto-halos is at linear order induced by the misalignment between the inertia tensor of the proto-halo and the tidal tensor in its surroundings (Hoyle 1949; Peebles 1969; Doroshkevich 1970; White 1984; Catelan & Theuns 1996; Crittenden et al. 2001 , see also Schäfer 2009 , for a review). At later stages, as the proto-halos decouple from cosmic expansion and collapse into virialised struc-E-mail: kat@roe.ac.uk tures, strongly non-linear processes may impact galaxies' angular momentum distribution (Porciani et al. 2002a,b) . For instance, galactic outflows can redistribute angular momentum within the inner parts of galaxy halos (Danovich et al. 2012) , and increase the angular momentum of disks via wind recycling (Brook et al. 2011; Christensen et al. 2016 ).
Since the cosmic web is shaped by the same gravitational tidal field responsible for the acquisition of the net angular momentum of systems forming and evolving within, a correlation between the large-scale structure and the spin of halos is directly expected from Tidal Torque Theory (TTT). By revisiting TTT in the context of such anisotropic environment (filaments embedded in walls), Codis et al. (2015b) showed that the constrained misalignment between the tidal and the inertia tensors in the vicinity of filament-type saddle points is able to explain the relative angular momentum distribution with respect to the cosmic web. In particular, such conditional scale-dependent tides imply a spin aligned with filaments for low mass halos, and a perpendicular spin orientation for more massive halos. This conditional tidal torque theory agrees with findings seen in halos from cosmological N-body simulations (e.g. Aragón-Calvo et al. 2007; Hahn et al. 2007; Codis et al. 2012; Trowland et al. 2013; Wang & Kang 2017; Ganeshaiah Veena et al. 2018) .
A key prediction of the conditional tidal torque theory is thus that the spin orientation with respect to the embedding filament flips from low to high mass galaxies. This mass dependent flip of the spin can be understood qualitatively in the context of the dynamics of large-scale cosmic flows and mass accretion history of halos within the anisotropic large-scale structure. The first generation of halos formed in vorticity-rich filaments, and are thus expected to have their spin aligned with their embedding filament. At later stages, as the flow along filaments also shell-crosses, halos flowing towards nodes of the cosmic web convert their orbital angular momentum into a spin perpendicular to the filament axis as they merge and grow in mass (e.g. Codis et al. 2012; Welker et al. 2014; Codis et al. 2015b; Kang & Wang 2015; Laigle et al. 2015; Wang & Kang 2017 , 2018 .
All these processes affect galaxy spin alignments as well, but with a caveat -baryon specific effects (e.g. gas inflows, stellar and black hole-driven gas outflows, cooling and heating, instabilities, etc.) are additionally expected to impact their angular momentum. As a result, the relative spins of galaxies and their host halos can show significant misalignments, depending on redshift, mass, or the central/satellite nature of the host (see e.g. Tenneti et al. 2014; Velliscig et al. 2015; Chisari et al. 2017) . Due to the complexity of the processes involved in the formation and evolution of galaxies, our understanding of the details of galaxy-spin alignment is best examined in large-scale hydrodynamical simulations capable of capturing these highly non-linear processes. Hahn et al. (2010) performed the first study addressing the spin alignment of galaxies with respect to their large-scale environment by analysing a sample of ∼ 100 disc galaxies in the region of a large-scale filament resimulated using the "zoom-in" technique with adaptive mesh refinement (AMR) code RAMSES (Teyssier 2002) . With the caveat of a limited statistical significance due to small number statistics, this work reported that the most massive disk galaxies at all redshifts tend to be aligned with the direction of the filament. Using the large-scale simulation HORIZON-AGN employing the same numerical technique, Codis et al. (2018) analysed galaxy spin orientation with respect to filaments and walls of the cosmic web inside of a comoving 100 Mpc h −1 cosmological volume. This work extended the previous study of Dubois et al. (2014) to a full cosmic evolution down to z = 0 and also considered an additional cosmic web environment, the walls. It confirmed the existence of a galaxy spin transition from parallel to perpendicular with respect to the filaments' direction, and analogously with respect to walls. Overall, blue or rotationsupported galaxies were found to dominate the alignment signal at low stellar mass, while red or dispersion-dominated galaxies tend to show a preferential perpendicular alignment. Similar conclusion regarding galaxy mass and color dependence of the alignment signal with respect to filaments was reported by analysing the ILLUSTRIS-1 simulation (Vogelsberger et al. 2014) , using the moving mesh code AREPO (Springel 2010) . In contrast, Ganeshaiah Veena et al. (2019) recently reported a propensity of galaxies for perpendicular alignment with their host filaments at all masses with no sign of a spin transition. This work made use of the EAGLE simulation (Schaye et al. 2015) , based on an updated version of the smoothed particle hydrodynamics (SPH) based galaxy formation code GADGET (Springel 2005) . Similar non-detection of spin transition for galaxies was also reported by Krolewski et al. (2019) in another SPH based simulation MASSIVE-BLACK II (Tenneti et al. 2014) . It has been noted that the hydrodynamic methodology may play a role in spin studies, as AMR codes can suffer from "grid locking" where disk evolution is compromised by the imposed Cartesian grid, while SPH has difficulties controlling the amount of spurious shear viscosity in rotating disks. Hence the existence and sense of a "spin flip" in alignment between low and high mass galaxies remains controversial.
A complicated picture is also found on the observational side. When studying the spin alignment of disc galaxies with respect to the filaments of the cosmic web, some groups find preferentially parallel orientation for spirals Tempel & Libeskind 2013) , Scd types (Hirv et al. 2017) , or both red and blue galaxies (Zhang et al. 2013) , while others report either a tendency for a perpendicular orientation for spirals (Lee & Erdogdu 2007; Jones et al. 2010; Zhang et al. 2015) and Sab galaxies (Hirv et al. 2017) , or even no signal at all (Pahwa et al. 2016; Krolewski et al. 2019) . There seems to be a much better agreement for elliptical/S0 galaxies, which are found to have their spin (or minor axis) perpendicular to their host filaments' direction, in line with results of shape measurements (e.g. Okumura & Jing 2009; Joachimi et al. 2011; Singh et al. 2015; Chen et al. 2019; Johnston et al. 2019) .
Studies regarding the spin alignment of galaxies within walls of the cosmic web lead to similarly contradictory conclusions. While some works reveal a tendency for spirals to have their spins aligned with the Local Supercluster plane (Flin & Godlowski 1986 , 1990 Navarro et al. 2004) , the shells of the largest SDSS and 2dF-GRS 1 cosmic voids (Trujillo et al. 2006) , or the so-called W-M sheet in the vicinity of the Virgo Cluster and the Local Void (Lee et al. 2018) , others report on the perpendicular orientation (Flin & Godlowski 1990; Varela et al. 2012; Zhang et al. 2015) or detect no signal (Slosar & White 2009; Tempel & Libeskind 2013) . For elliptical galaxies, only a weak correlation has been detected between their minor axes and the normal to the sheet (Tempel & Libeskind 2013) . There is currently no consensus to explain the differences seen among these various observations.
The method used to trace and quantify the cosmic web may play a crucial role in these measurements. Filament finding algorithms have a long history, with early attempts relying on the moment of inertia tensor (Dave et al. 1997) , or Morse theory (Novikov et al. 2006) to define the local filament direction. In the last decade, various filament tracers have been developed (see Libeskind et al. 2018 , for a comparative study of various cosmic web extraction techniques) which make distinct assumptions and deal differently with the range of probed scales, and thus lead to substantial diversity in some of the extracted properties of the cosmic web. Consequently, the efficiency of these estimators may impact our ability to quantify alignment signals (Welker et al. submitted) . Hence it is important to define the cosmic web in a way that is uniform and consistent, via a method that can be equally applied to observations in order to conduct fair comparisons to models.
This work studies the orientation of the spin of galaxies with respect to filaments and walls of the cosmic web, relying on a new large-scale hydrodynamical simulation SIMBA ). Our focus is first on the mass dependent flip of the spin, and its evolution in the redshift range 0 ≤ z ≤ 2, for which contradictory results exist. Next, the alignment signal is investigated at z = 0 as a function of the internal properties of galaxies, namely their morphology, specific star formation rate (sSFR), HI mass and cen-tral/satellite dichotomy, and as a function of external properties, such as galaxies' halo mass and filaments' density. We also extend the recent studies of the spin alignment of galaxies with respect to the walls of the cosmic web. This investigation builds on previous work in several aspects. The SIMBA simulation employs a different hydrodynamic solver (a Meshless Finite Mass, or MFM, scheme) as opposed to SPH or AMR codes used for these studies (e.g. there is no shear viscosity in MFM), which allows the evolution of an equilibrium disk for many rotation periods without numerical fragmentation or grid locking (Hopkins 2015) . SIMBA also includes a novel implementations of feedback from Active Galactic Nuclei (AGN) and star formation that results in comparably good or better agreement with a wide range of global galaxy properties compared to state-of-the-art galaxy formation simulations. Finally, by using the same DISPERSE code to define the cosmic web as in Codis et al. (2018) and including orientation relative to walls, we can straightforwardly compare to those results, and eventually to observations, as we will do in future work.
The outline of this paper is as follows. Section 2 presents some of the main aspects of the SIMBA simulation and briefly describes how the DISPERSE algorithm is used in order to identify filaments and walls of the cosmic web. Section 3 investigates the alignments of spins of halos with filaments and walls together with their redshift evolution. The results on the alignment of the spin of galaxies with respect to filaments and walls and their redshift evolution are reported in Section 4. In particular, we investigate the dependence of the alignment signal on the internal properties of galaxies such as their stellar mass, star formation activity, and their HI content. Section 5 is dedicated to the dependence of the spin-filament orientation of galaxies on environment, parametrised by the mass of their host halo, the central/satellite dichotomy and density of their host filaments. Finally, Section 6 concludes. The statistical significance quantified by Kolmogorov-Smirnov tests for the Figures is given in Appendix A.
Throughout this paper, by log, we refer to the 10-based logarithm. If not stated differently, statistical errors are computed by bootstrapping, such that the errors on a given statistical quantity correspond to the standard deviation of the distribution of that quantity re-computed in 100 random samples drawn from the parent sample with replacement.
VIRTUAL UNIVERSE
We first describe our virtual universe and the analysis tools we use to trace filaments, identify galaxies and measure their physical properties.
The Simba simulation
This work makes use of the SIMBA simulation ) to follow galaxy and structure formation across cosmic time. SIMBA is a new large-scale cosmological hydrodynamical simulation built on the MUFASA suite ) that is seen to successfully reproduce many observables, such as galaxy stellar mass functions at z = 0 − 6, the stellar mass-star formation rate main sequence, HI and H 2 galaxy gas fractions, the mass-metallicity relation at z = 0 − 2, star-forming galaxy sizes, hot gas fractions in massive halos, and galaxy dust properties at z ∼ 0 . A full description of this simulation can be found in Davé et al. (2019) ; here we summarise only some of its main features relevant to this work.
SIMBA was run using the Meshless Finite Mass version of the GIZMO code (Hopkins 2015) , a multi-method gravity plus hydrodynamics code based on (Springel 2005) . The SIMBA run used in this work follows the evolution of 1024 3 dark matter particles and 1024 3 gas elements in a volume of (100 h −1 Mpc) 3 . The simulation begins at z = 249 assuming a standard ΛCDM cosmology compatible with Planck Collaboration results (Planck Collaboration et al. 2016) , with Ω m = 0.3, Ω Λ = 0.7, Ω b = 0.048, H 0 = 68 km s −1 Mpc −1 , σ 8 = 0.82 and n s = 0.97. The minimum gravitational softening length for this run is 0.5 comoving h −1 kpc, the initial gas element mass is 1.82 ×10 7 M , and the dark matter particle mass resolution is 9.6 ×10 7 M .
Radiative cooling and photoionisation heating are modeled using the GRACKLE-3.1 library (Smith et al. 2017) , including metal cooling and non-equilibrium evolution of primordial elements. A spatially uniform ionising background is assumed as specified by Haardt & Madau (2012) , modified to account for self-shielding, and the neutral hydrogen content of gas particles is modeled selfconsistently. Because significant amounts of neutral hydrogen can lie in an extended configuration beyond the star-forming region of galaxies, to assign HI to galaxies, all gas elements with HI fractions above 0.001 are considered, and assigned to the galaxy to which they are most gravitationally bound, i.e. its kinetic energy relative to the galaxy's center of mass velocity corrected for the potential energy from the galaxy at the gas element's location is minimised.
Star formation is based on the H 2 content of the gas, following the model used in the MUFASA simulation . The H 2 fraction computation is based on the metallicity and local column density and follows the sub-grid model of Krumholz & Gnedin (2011) . The star formation rate is given by SFR = ρ H 2 / t dyn , where ρ H 2 is the H 2 density, t dyn the dynamical time and =0.02 (Kennicutt 1998 ) the star formation efficiency. During the simulation, the chemical enrichment model tracks eleven elements (H,He,C,N,O,Ne,Mg,Si,S,Ca,Fe), with enrichment tracked from Type II supernovae (SNe), Type Ia SNe, and Asymptotic Giant Branch (AGB) stars, employing the yields of Nomoto et al. (2006) for SNII, Iwamoto et al. (1999) for SNIa, and following Oppenheimer & Davé (2006) for AGB star enrichment which is based on the Bruzual & Charlot (2003) stellar population model. Dust production and destruction is modeled on-the-fly, following McKinnon et al. (2017) by advecting it passively with the gas elements. Additionally, SIMBA includes dust production by condensation of metals from ejecta of Type II SNe and AGB stars, together with further growth via condensation from metals, and destruction due to sputtering, consumption by star formation, and SNe shocks. We will not consider dust or metal properties in this work.
Stellar feedback is modeled via decoupled two-phase galactic winds, in which 30% of wind particles are ejected "hot" i.e. with a temperature set by the supernova energy minus the wind kinetic energy. SIMBA also contains an implementation of metal-loaded winds. When a wind particle is launched, some metals from nearby particles are extracted in order to represent the local enrichment by the supernovae Type II driving the wind. Additionally, Type Ia SNe and AGB enrichment and wind heating are included, along with interstellar medium (ISM) pressurisation at a minimum level as required to resolve the Jeans mass in star-forming gas as described in Davé et al. (2016) .
Black hole growth is modelled via the torque-limited accretion model (Anglés-Alcázar et al. 2017 ) from cold gas and Bondi accretion from hot gas. AGN feedback is modelled via kinetic bipolar outflows, with ∼ 1000 km/s winds at high Eddington rates and up to ∼ 8000 km/s jets at low Eddingtion rates, along with X-ray v/σ=0.06 v/σ=1.20 Figure 1 . Left: A 2D projection of a 10 Mpc's simulation slice at z = 0. Galaxies (white circles) are overplotted on the gas distribution. The blue lines show the filaments as extracted by the DISPERSE code from the galaxy distribution using the persistent threshold of 3σ. Right: Examples of two galaxies of similar mass, log(M /M ) ∼ 11.2, but with very different morphology as traced by their v/σ. The galaxy on the left is an elliptical with low v/σ, while the galaxy on the right has a disk-dominated morphology characterised by relatively high v/σ. For both galaxies face-on and edge-on projections are shown on top and bottom panels, respectively.
energy following Choi et al. (2012) . Thomas et al. (2019) showed that SIMBA's black hole mass and accretion rate properties relative to the galaxy properties are generally in good agreement with observations. Halos are identified on the fly during the run using a 3D Friends-of-Friends (FoF) algorithm within GIZMO. The linking length is taken to be 0.2 times the mean inter-particle distance. Galaxies within halos are identified using a post-processed 6-D FoF galaxy finder. Galaxies and halos are cross-matched and their properties computed using the YT-based package CAESAR. This work makes use of outputs of the simulation at redshifts z = 2, 1 and 0. We consider only galaxies with M ≥ 10 9 M , somewhat more conservatively than in Davé et al. (2019) owing to our desire to properly resolve the angular momentum direction of the galaxy. This results in the galaxy catalogues containing 32,048 galaxies at z = 0, 18,417 galaxies at z = 1 and 9,674 galaxies at z = 2.
We define the spin of a galaxy as the angular momentum computed from its stellar particles, relative to the centre of mass of the stellar component. The angular momentum (or spin) L of galaxies is thus computed as
where m i , x i and v i and the mass, position and velocity of i-th stellar particle relative to the center of mass of the galaxy, respectively. The morphology of galaxies is characterized by the kinematic ratio of their rotation to dispersion dominated velocity, v/σ. This quantity is computed from the 3D velocity distribution of stellar particles of each galaxy. In order to define a set of cylindrical spatial coordinates (r, θ, z), the total angular momentum of stars is computed first and the z-axis is chosen to be oriented along the spin of galaxy. The velocity of each stellar particle is then decomposed into cylindrical components v r , v θ , v z , and the rotational velocity of a galaxy v is defined as the mean of v θ of individual stars. The average velocity dispersion of the galaxy σ 2 = (σ 2 r + σ 2 θ + σ 2 z )/3 is computed using the velocity dispersion of each velocity component σ r , σ θ and σ z . We note that this is not directly comparable to observational measures of v/σ, and here we simply use this quantity to separate rotation-dominated from dispersion-dominated systems.
Tracing the cosmic web
The filaments and walls of the cosmic web are extracted with the use of the publicly available code DISPERSE (Sousbie 2011; Sousbie et al. 2011) 2 . DISPERSE is a geometric 3D ridge extractor, which identifies cosmic web structures with a parameter-and scalefree topologically motivated algorithm. It uses the notion of persistence that allows to select the retained structures on the basis of the significance of the topological connection between pairs of critical points (maxima, saddles).
For the purposes of this work, DISPERSE was run on the distribution of galaxies with a 3σ persistence threshold. It was checked that choosing higher threshold, such as 5σ, that would select topologically more robust structures, does not alter our results, in agreement with previous works that explored the dependence of the results on the persistence threshold in more details (Codis et al. 2018) .
Each galaxy is assigned its closest segment of the filaments, defined by a pair of points providing the direction of the filament for a given galaxy. The cosine of the angle between the spin of the galaxy and its closest filament, cos θ is measured and used to assess the alignment with respect to the filamentary structure of the cosmic web. Values of cos θ close to 1 mean that galaxy tends to have its spin aligned with the neighbouring filament, while values close to 0 mean that the spin is in the perpendicular direction with respect to the filament's axis. Similarly, each galaxy is assigned its closest triangle, the sets of which define the tesselation of the walls (2D analogue of the sets of segments defining filaments in 1D). The direction of the wall is defined by means of the normal vector to the triangle. The cosine of the angle between the spin of the galaxy and the normal to its closest wall, cos θ is measured and used to assess the alignment with respect to the walls. Values of cos θ close to 0 mean that galaxy tends to have its spin aligned with the neighbouring wall, while values close to 1 mean that the spin is perpendicular to the wall. In practice, in order to increase the statistics of the measured signal, each galaxy is assigned two closest filaments and walls, however, considering only one closest filament and wall does not alter our results. In order to quantify the likelihood whether the measured alignments are consistent with being derived from a uniform distribution, a Kolmogorov-Smirnov (KS) test was performed on each distribution. The corresponding probability, p KS , for presented Figures can be found in Appendix A. Figure 1 , left panel, shows the cosmic web identified by DISPERSE (blue lines), overlaid by the galaxy population (white dots), projected within a random 10 Mpc slice from the SIMBA simulation. The galaxies trace out the cosmic web as expected, with filaments and nodes clearly seen to follow the underlying gaseous cosmic web (shown as levels of purple). DISPERSE generally does a good job at identifying the filaments that one would trace out by eye within that slice. Note that the DISPERSE skeleton is typically continuous, but in some places it goes outside the chosen slice, so the blue line terminates: in 3D, the skeleton continues beyond this slice.
The right panel images show face-on (top) and edge-on (bottom) projections of the particle distribution for two massive galaxies, the left one randomly selected with low-v/σ, and the right one randomly selected among those with high v/σ. This shows that v/σ traces morphologies as expected, in that low v/σ galaxies are spheroidal while high v/σ ones are disk-like. We will examine galaxy spin alignments versus morphology later, where we will specifically use v/σ as a proxy to quantify morphology.
HALO SPIN ALIGNMENT
Let us start by studying the orientation of halo spin with respect to filaments and walls as a function of halo mass and redshift. We consider a sample made of all halos with mass M h > 10 10 M , in order to provide a more direct comparison to existing literature from both N-body and hydrodynamic simulations. It also sets the stage for understanding the trends seen in the spin alignments of galaxies. Indeed, while the details of the alignment between the spin of galaxies and the direction of their host filaments are still debated, there now seem to be a consensus in the literature on the halo spin-filament alignment. The spin of massive halos is found to be preferentially perpendicular to filaments' direction and walls, while at the low mass end, halos' spin tend to be aligned with their host filaments and walls, in both pure DM-only (e.g. Aragón-Calvo et al. 2007; Hahn et al. 2007; Sousbie et al. 2008; Codis et al. 2012; Ganeshaiah Veena et al. 2018 ) and simulations containing baryons Codis et al. 2018) .
In order to extract the cosmic web for halos, we run DISPERSE on the distribution of dark matter halos with a 3σ persistence threshold. Figure 2 shows the probability distribution function (PDF) of the cosine of the angle between the spin of halos and the direction of their closest filament cos θ f h −h (left), and the cosine of the angle between the spin of halos and the normal of their their closest wall cos θ w h −h (right) at redshifts 0, 1 and 2, in various halo mass bins as indicated. The mean angle within each halo mass bin is indicated on each panel. There is a clear halo mass-dependent transition: low mass halos tend to have their spin aligned with their closest filament and wall, while at high mass, their spin tend to be perpendicular to the direction to the closest filament's axis and wall. The transition mass where the spins are randomly oriented is around ∼ 10 11.5 − 10 12.5 M . This result from SIMBA is in general agreement with values reported in the literature, typically between 5 × 10 11 h −1 M and 5 × 10 12 h −1 M (Codis et al. 2012) .
The amplitude of the signal, particularly the alignments with filaments, increases with increasing redshift. High mass halos at high redshift are quite likely to be perpendicular to their host filament. Low mass halos show less variation with redshift (see also Chisari et al. 2017 , for a similar trend for the shape of dark halos). The transition mass also varies with redshift, like the typical mass collapsing at that redshift, the so-called mass of non-linearity, which, as shown by Codis et al. (2012) , increases with decreasing redshift as 1/(1 + z) 2.5 on those scales.
This quantitative agreement with previous work are expected, because baryonic effects do not play a major role in altering the spins of the halos. However, moving to smaller scales where baryonic processes become more important, it is less obvious how the spin of the halos relates to the spin of the stellar component of the galaxies, and in turn or independently how galaxy spins align with nearby filaments. This is what we examine next.
GALAXY SPIN ALIGNMENT
SIMBA forms and evolves galaxies, so we can study the spin alignments of the galaxies directly with respect to the filaments and walls of the cosmic web. For now we focus on the spin of the stellar component; we will discuss the gas component spin later. Also, since galaxies have many other properties, we can examine the dependence of the spin alignment signal on various internal properties such as their stellar mass, their star formation activity as quantified by sSFR, their morphology as quantified by v/σ, their gas content as quantified by their neutral hydrogen (HI) mass, and their host halo mass. Furthermore, we will examine the dependence of the spin alignment on environmental factors, by studying spin alignments of galaxies separated into centrals and satellites and relative to the density of the nearest filament. 
Stellar mass dependence
Let us start by quantifying the alignment of the spin of galaxies with respect to the filaments and walls as a function of galaxy stellar mass at different redshifts. In SIMBA, as in most cosmological models, the halo mass and galaxy mass are fairly tightly correlated, so in a simple model where the baryonic angular momentum reflects some fraction of that of the dark matter (as often assumed in semi-analytic models, for instance, see e.g. Benson & Bower 2010, and references therein), one would expect broadly similar trends as what we saw for halos. Figure 3 shows the PDF of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g (left), and the cosine of the angle between the spin of galaxies and the normal vectors of their their closest wall cos θ w−g (right) at redshifts z = 0, 1 and 2, in different stellar mass bins. This is analogous to Figure 2 for galaxies. 11.0≤ log(M ⋆ /M ⊙ ) Figure 3 . Alignment between the spin of galaxies and their closest filaments (left column) and walls (right column) in different stellar mass bins, as labelled, at redshifts z = 0 (top row), z = 1 (middle row) and z = 2 (bottom row). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. Massive galaxies tend to have their spin perpendicular to their host filaments and walls. At low mass, the spin of galaxies is preferentially aligned parallel to filaments and walls. This stellar mass dependent flip of the spin is detected at all explored redshifts.
Similarly to what was seen for halos, at all redshifts there exists a stellar mass dependent transition from the parallel to perpendicular alignment, such that low mass galaxies tend to have their spin aligned with their closest filament, while high mass galaxies their spin tend to be in the perpendicular direction to the closest filament. The transition mass between these two regimes is M * ≈ 10 10−10.5 M , which is approximately the stellar mass corresponding to the transition halo mass of 10 11.5−12.5 M . This is more concisely shown on Figure 4 , displaying redshift and mass evolution of the mean cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g . Indeed, the transition mass at redshift 0 is roughly 10 10.1±0.5 M A lack of statistics does not allow us to detect a significant evolution of the transition mass with redshift.
Likewise, there is a clear mass dependence of the alignment with respect to walls at all redshifts. Low mass galaxies tend to have their spins perpendicular to the normal of the walls, meaning that their spin lies in the plane of the wall. High mass galaxies, conversely, have their spins preferentially aligned with the normal vector of the walls, therefore perpendicular to the plane of the walls. The transition mass between these regimes is similar to that for the filaments. While we do not have the ability to carry out a resolution convergence study with our current suite of simulations, we note that the spin-filament alignments were shown not to be strongly affected by the resolution in HORIZON-AGN which is a comparably large simulation (Codis et al. 2018 ) with similar resolution. We have also tested the impact of boundary effects of a catalogue 3 and found our results to be robust, which is encouraging in anticipation of measurements to be carried in bounded observational data sets.
In summary, SIMBA produces a subtle but statistically significant trend of galaxy spin alignment with nearby cosmic filaments and walls. The trend is mass-dependent, with low-mass galaxies having spins parallel to filaments and in the plane of walls, while high mass galaxies have spins perpendicular to filaments and the plane of walls. The transition mass between these regimes where spins are randomly aligned is ∼ 10 10 M . These results do not show a strong trend with redshift; in particular we do not see evidence for a stronger trend at high-z as we did for halos. Nonetheless, the overall trends generally follow that seen for halos, showing that at least statistically, the galaxies seem to follow the spin alignment behaviour of their host halos.
Morphology dependence
Galaxy properties are globally dependent on stellar mass, with low mass galaxies typically being star-forming, rotation-dominated, and (cold) gas-rich, while higher mass galaxies are the converse. Yet even at fixed stellar mass, galaxies display some diversity in these properties. Thus properties such as spin alignments may have a secondary dependence when split up by other properties besides stellar mass (Codis et al. 2018) . In this section we consider spin v/σ Figure 5 . Alignment between the spin of galaxies and their closest filaments in the lowest and highest stellar mass bins, as labelled, at redshift z = 0 for galaxies with low (dotted lines) and high (solid lines) v/σ, corresponding to v/σ < 0.4 and v/σ > 0.4, respectively (see Table A3 for all M bins). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. The stellar mass dependent flip of the spin seen for the entire population of galaxies is detected for both the low and high v/σ populations. There is a hint for a tendency of galaxies with higher v/σ to dominate the parallel alignment signal at low stellar mass, while the perpendicular alignment signal tends to be dominated by galaxies with low v/σ. alignments of galaxies in various mass bins when further subdividing by galaxy morphology, which we quantify by its proxy v/σ into rotation-dominated (v/σ > 0.4) and dispersion-dominated (v/σ < 0.4) systems, with the demarcation chosen close to the median v/σ. With this, we can examine which morphological class of galaxies is responsible for driving the trends we see with M in the previous section. Figure 5 shows the resulting PDF of the cosines in high and low stellar mass bins for SIMBA galaxies at z = 0, for galaxies with low (dotted lines) and high (solid lines) values of v/σ, respectively. The intermediate mass alignments lie in between these extreme, and are mostly consistent with no alignment signal, so for clarity we do not show them.
The global trends are qualitatively similar for the rotation-and dispersion-dominated systems. Both show that at low mass, galaxy spins are aligned with filaments, while at high mass they are preferentially perpendicularly aligned. The strength of the trend is somewhat stronger in the high mass dispersion-dominated systems; in this mass bin, the rotation-dominated systems show a very weak trend. Hence the tendency for perpendicular alignment in massive galaxies appears to be driven by the dispersion-dominated systems.
Another depiction of this trend is shown in Figure 8 , upper left panel (a). Here, we show the mean alignment as a function of v/σ, over all galaxies. The red line shows the mean for all galaxies, and the dotted lines split these into centrals and satellites (discussed later). The only clear alignment signal happens for high-v/σ systems, which are aligned parallel to the filaments. The perpendicular alignment of low-v/σ systems is not evident when averaging over all galaxies.
In order to separate out the trend purely owing to morphology as opposed to that owing to a correlation between morphology and stellar mass, we examine the residuals in spin alignment versus morphology at a fixed M . This is shown in the lower left panel (d) of Figure 8 . As clearly visible in the leftmost panels (a) and (d), sSFR Figure 6 . Alignment between the spin of galaxies and their closest filaments in the lowest and highest stellar mass bins, as labelled, at redshift z = 0 for quiescent galaxies (low sSFR, dotted lines) and star-forming galaxies (high sSFR, solid lines) based on the cut at log(sSFR/yr −1 ) = −11 (see Table A4 for all M bins). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. Both galaxy populations show a stellar mass dependent orientation of their spin with respect to filaments seen for the full galaxy sample with high (low) mass star-forming or quiescent galaxies having their spin preferentially perpendicular (parallel) to filaments. which show the mean cos θ f −g as a function of v/σ and its residuals at fixed M , the parallel alignment at high v/σ is not simply an effect of their typically low M ; morphology provides an additional driver in highly rotation-dominated systems that is not accounted for purely by the trend with M . However, for the majority of galaxies with v/σ < ∼ 1, any existing trend is consistent with being purely driven by M .
In summary, the parallel alignment signal with nearby filaments is driven by rotation-dominated galaxies, a trend that persists even after accounting for the underlying dependence of v/σ on M . This is consistent with the idea that recent cosmological accretion drives galaxies to higher v/σ, and tends to occur with an angular momentum parallel to filaments, as expected from conditional tidal torque theory, and highlighted by Welker et al. (2014) for galaxies.
Star formation rate dependence
Analogously, we can examine the spin alignment signal when subdividing galaxies by their star formation activity. We split galaxies into star-forming (blue) and quiescent (red) based on a cut in their sSFR at log(sSFR/yr −1 ) = −11, which is a canonical value for selecting quiescent galaxies. We note that SIMBA produces a quiescent galaxy fraction in quite good agreement with observations . Figure 6 shows the PDF of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g for quiescent (dotted lines) and star-forming (solid lines) galaxies at redshift z = 0, in different stellar mass bins. As before, we only show the extreme M bins, as the intermediate mass bins show essentially no alignment signal.
Once again, the flip of the spin from low to high masses is seen, regardless of their star formation activity. Both quiescent and star-forming low mass galaxies tend to have their spin aligned with the neighbouring filaments, while high mass ones have their spin preferentially in the perpendicular direction. This suggests that the Figure 7 . Alignment between the spin of galaxies and their closest filaments in the lowest and highest stellar mass bins, as labelled, at redshift z = 0 for galaxies with low (dashed lines) and high (solid lines) M HI , respectively, corresponding to split at log(M HI /M ) = 9.17 (see Table A5 for all M bins). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. Stellar mass dependent flip of the spin seen for the entire population of galaxies is detected regardless of HI content of galaxies. star formation activity of galaxies does not have a major impact on the alignment of galaxies. In detail, the trend for star-forming galaxies (right panel) at the highest masses is stronger than for quiescent ones. Figure 8 (panel b) presents this in a different way, as the mean alignment angle as a function of sSFR. This shows that there is a sSFR-dependent flip when the entire galaxy population is considered. The high mass galaxies that dominate the low sSFR end of the distribution are responsible for the perpendicular orientation of spin with respect filaments, while star-forming galaxies (high values of sSFR) dominate at low masses where the spins tend to be parallel with their host filament. In fact, this trend is entirely driven by the M dependence. This is evident from Figure 8 (panel e), which shows the residuals of cos θ f −g at fixed M , and demonstrates that even the small alignment signal disappears once M is fixed.
Hence star formation activity provides no discernible perturbation to the alignment trend over that expected from M alone. This is interesting because the alignment trend for highly rotationdominated systems does not appear to translate simply into a similar dependence for high-sSFR galaxies. It appears morphology is more closely connected to spin than star formation activity in rotation-dominated systems.
HI mass dependence
The atomic neutral hydrogen (HI) mass represents a fuel reservoir for future star formation, and generally lies in the outskirts of galaxies. In SIMBA, the HI content is correlated with SFR even though the simulation assumes that stars form out of H 2 , hence HI provides a bridge between cosmological accretion occurring from the circum-galactic medium and star formation processes in the ISM. HI content is believed to be governed by relatively recent accretion, and is strongly dependent on environment (e.g. Rafieferantsoa et al. 2015; Kleiner et al. 2017; Crain et al. 2017; Crone Odekon et al. 2018 ). In the context of galaxy spin acquisition, low mass galaxies were suggested to build their spin in the Mean alignment between the spin of galaxies and filaments as a function of v/σ (left), sSFR (middle) and HI mass (right) of galaxies at z = 0. Galaxies with high v/σ, sSFR and HI mass tend to align their spin with the filament's axis. A clear perpendicular orientation of the galaxies' spin with respect to their host filament is seen for galaxies with low HI content and for quenched centrals (with log(sSFR/yr −1 ) ≤ −11). Bottom row: Residuals of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g at fixed M . Parallel spin-filament orientation of galaxies is clearly dominated by disk-dominated galaxies (with high v/σ), while all trends seen as a function of sSFR are entirely driven by M . The strongest residuals are found for HI mass, with the parallel alignment being dominated by galaxies with high HI content, while galaxies with low HI mass are driving the perpendicular orientation.
vorticity-rich vicinity of filaments, via gas rich infall (Laigle et al. 2015; Welker et al. 2018) . One might therefore expect the alignment signal to be stronger for HI rich galaxies. Here we examine this in SIMBA. Figure 7 shows the filament alignment angle PDF for z = 0 galaxies with high (dotted lines) and low (solid lines) HI content at redshift z = 0, showing the two extreme stellar mass bins. As we have seen with other quantities, regardless of HI content, low mass galaxies tend to have their spin parallel, and high mass galaxies perpendicular to their host filament. Figure 8 (panel c) displays the mean cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g as a function of HI mass for all galaxies with some content of neutral hydrogen (87% of SIMBA galaxies at z = 0 contain HI). Galaxies with low HI mass tend to have their spin preferentially perpendicular to filaments' direction, while galaxies with high HI mass are more likely to be aligned with the axis of their host filament. The transition HI mass where the spin flips is at M HI ≈ 10 9.5 M .
The interesting question then is whether the HI dependence is simply a reflection of the correlation between M HI and M . To examine this, we also compute the residuals of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g as a function of HI mass at fixed stellar mass, as shown in Figure 8 (panel f).
Galaxies with high HI content tend to be more aligned with their host filaments compared to average population at same stellar mass, while at low HI mass they are more likely to have their spin perpendicular. The trend is not markedly different from the panel above, showing that the trend with HI still exists at a fixed M , and hence is not driven by the M alignment dependence.
Thus it appears that the spin alignment of galaxies is significantly impacted specifically by neutral hydrogen content. Interestingly, despite an overall correlation between HI and SFR in SIMBA , the spin alignment dependence on these two properties are markedly different. This is consistent with the suggestion that the alignment of spin with the local filament is driven by relatively recent accretion spinning up the outskirts of galaxies ), which may not immediately increase the SFR.
IMPACT OF LOCAL AND GLOBAL ENVIRONMENT
The results from the previous section, particularly for HI, suggest that anisotropic accretion from the environment plays a specific role in the spin alignment of galaxies and their host filaments (beyond that expected from their host dark halo). In this section we examine the environmental dependence in more detail on small and larger scales, by considering the host halo mass, the density of the nearest filament, and how spin alignment depends on whether a galaxy is a central or a satellite.
Halo mass dependence
We have examined the spin alignment of all halos in Section 3. We now focus on the spin alignment of galaxies split by their host Figure 9 . Alignment between the spin of galaxies and their closest filaments in different stellar mass bins, as labelled, at redshift z = 0 living in low (dotted lines) and high (solid lines) mass halos (see Table A9 for all M bins). The value used to split galaxies corresponds to the median halo mass 10 11.9 M . Note that only bins containing more than 100 galaxies are shown. The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. Low mass galaxies tend to align their spin in the direction of their host filament in both low and high mass halos. High mass galaxies are primarily found in massive halos, where their spin is preferentially orthogonal to filaments. The parallel alignment at low stellar mass tend to be dominated by galaxies of high mass halos.
halo mass, as a proxy for the depth of the local potential well, to ascertain if it provides an important secondary effect, beyond M , on spin alignments. Figure 9 shows the PDF of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g at redshift z = 0 for galaxies living in low (dotted lines) and high (solid lines) mass halos. The value used to split galaxies corresponds to the median halo mass, and we consider only the main halo for each galaxy, not the subhalo. Because of the underlying stellar-halo mass relation, very few galaxies with mass log(M /M ) ≥ 10.5 live in low mass halos, therefore, the perpendicular alignment with respect to filaments' direction at high stellar mass is driven by galaxies living in massive halos. However, at low stellar mass, galaxies both of high and low halo mass tend to have their spins aligned with the neighbouring filaments, with a signal stronger for massive halos. Figure 15 (panel a) shows the mean cosine of the angle between the spin of galaxies and their host filaments as a function of host halo mass M h . Only central galaxies show a clear halo mass dependent flip of the spin, with a transition mass roughly log(M h /M ) ≈ 11.8. This is in the range of the transition mass for all halos. Not surprisingly, due to the lack of a tight correlation between the M of satellites and their host halo mass, there no obvious transition for satellites. Figure 15 (panel d) shows the residuals of the cosine ∆ cos θ f−g at fixed M , as a function of M h . This is consistent with zero for all galaxies, suggesting that the alignment signal is driven by M , without any extra variation with the depth of the potential well.
Impact of the host: Central/Satellite
We saw in the previous section the satellites do not appear to be aligned with the larger host halo. In this section we separately ex- Centrals/Satellites Figure 10 . Alignment between the spin of galaxies and filaments in different stellar mass bins, as labelled, for satellites (dotted lines) and centrals (solid lines) at redshift z = 0 (see Table A8 for all M bins). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. Both central and satellite galaxies show similar alignment signal as the entire galaxy population (note the change of the highest stellar mass bin due to the lack of satellites at such high mass). However, centrals tend to show slightly stronger alignment signal compared to satellites at the same mass in all but highest stellar mass bins, where the strength is comparable. amine central and satellite spin alignments in various mass bins, in order to investigate the impact of the nature of the host on the measured spin alignments. Figure 10 shows the PDF of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g for centrals and satellites separately at z = 0. Both galaxy populations show a stellar mass-dependent flip of their spin, with a tendency to be parallel and perpendicular at low and high mass, respectively. The trend for satellites at low M almost exactly mimics that of centrals, while at high masses satellites tend to be more skewed towards perpendicular alignment than centrals. The origin of this transition is discussed in Welker et al. (2018) in terms of the kinematics of satellites building-up their spin via quasi-polar flows during their infall into a halo, and subsequently re-orienting their spin through mergers.
We examine this more directly in Figure 11 , which shows the alignment between the spin of centrals (left) and satellites (right) and the spin of their main halo in different bins of M at z = 0. Note that here we consider the absolute value of the cosine of the angle between the spin of galaxies and their main halo, therefore without taking into account the orientation of the spin vectors. Central galaxies have their spin aligned with the spin of their halos at all masses, while the distribution for satellites is consistent with being random in all stellar mass bins. This is reflected in the mean cosine of the angle being consistent with an alignment of the spin of central galaxies and their host halo ( cos θg − h = 0.22 − 0.34 in the various mass bins), while it shows little correlation between the spin of satellites and that of their parent halo ( cos θg − h = 0.03 − 0.05). Hence only the central galaxies' spin are related to their halo's spin, while satellites show very little correlation with their host halo.
Another view of the central/satellite dichotomy is if we consider the alignment between the closest filament and the host halo, as shown in Figure 12 in various M bins. As expected, the centrals follow the host halo trends, with low-mass centrals being weakly Figure 12 . Alignment between the spin of halos and galaxies' closest filaments in different stellar mass bins, as labelled, at redshift z = 0 for centrals (left) and satellites (right). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. The spin of halos of central galaxies shows a similar mass dependent flip found for galaxies, such that host halos of low mass centrals tend to have their spin aligned with the direction of central's closest filament, while at high mass they are perpendicular. Host halos of satellites have their spin preferentially perpendicular to filaments' axes regardless of the mass of satellites. Recall that only galactic halos are considered here, and their spin orientation is measured with respect to the same filamentary network as for galaxies, i.e. based on the distribution of galaxies.
Satellites
parallel aligned, while high-mass ones are most strongly perpendicular. The interesting trend is for satellites, which shows them strongly perpendicular for all stellar masses. This partly reflects the halo occupancy distribution, in that the majority of satellites above a given mass live in large halos, which tend to have perpendicular alignment overall. It is also consistent with Aubert et al. (2004) which found that the spin of subhalos lie perpendicular to the halo central separation vector, which typically corresponds to the local filament's direction.
A similar trend is found when splitting centrals and satellites by halo mass, as shown in Figure 13 . When splitting by halo mass instead of stellar mass, the alignment trend for centrals become much more pronounced. Interestingly, for satellites, it is still the case that, except for the lowest mass halos, they are perpendicularly aligned. Indeed, the alignment trends for satellites as a function of halo mass look broadly similar to that for centrals. Hence the perpendicular alignment of satellites is not purely due to the satellites being predominantly in high-mass halos, but also reflects the satellite spin when it was still a central.
Finally, we can return to Figure 8 in order to examine the breakdown of the various second parameter spin alignment trends versus centrals and satellites (dotted lines). While the trends are broadly similar in alignment as a function of various galaxy properties, they are generally stronger for the central galaxies. Hence it appears that satellites tend to lose their spin alignment when they fall into another halo, as we saw earlier.
In summary, since satellites tend to be located in denser environments and in more massive halos than centrals at the same stellar mass, the different trends for halos of centrals and satellites seen in Figures 12 and 13 could be understood as a consequence of satellites residing near nodes where conditional TTT states that their spin should be orthogonal to the filament's direction. 
Local and filaments' density dependence
Let us now investigate the local and filaments' density impact on the spin alignment of galaxies. In the framework of the TTT, the filament's (and wall's) density is expected to enhance the torque hence the alignment of the spin with respect to the large-scale anisotropic environment. Conversely, the node's density should also strengthen the perpendicular orientation at high mass. Figure 14 shows the PDF of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g in the lowest (dotted lines) and the highest (solid lines) filament's density quartile at redshift z = 0. As expected, the alignment signal at low M is dominated by galaxies associated with dense filaments. Also as expected, at high M , galaxies show statistically significant orthogonal orientation regardless of the filaments' density, since it is the relative node density which now torques it. Note that the same results are obtained for stellar massmatched sub-samples of galaxies in low and dense environment, therefore these findings are not driven by low mass galaxies preferentially occupying low density large-scale environments (resp. high mass and high density). This is consistent with the filament's density dependence of the alignments displayed on Figure 15 (panel b) , showing that the spin of galaxies associated with high density filaments tend to be aligned with their axis, while galaxies tend to have their spin perpendicular with respect to low density filaments. This trend is not driven by stellar mass alone, as residuals at fixed M (Figure 15 , panel e) show similar trends suggesting in particular that the parallel spin-filament alignment signal is also driven by high density filaments, imposing stronger tides.
Finally, we examine the spin alignment dependence on the local density at the galaxy's position, rather than the density of the nearest filament. Interestingly, Figure 15 (panel c) shows that galaxies in high local density regions tend to have their spin preferentially perpendicular to their host filament, while in low local density regions, they tend to have their spin parallel. Residuals at fixed M are close to zero (Figure 15, panel f) , suggesting that stellar mass is driving the spin alignments, regardless of the local density.
The impact of the local density can be explained by differences in the position of these galaxies with respect to the cosmic web. Because of density gradients along filaments toward nodes, Figure 14 . Alignment between the spin of galaxies and their closest filaments in the lowest and highest stellar mass bins, as labelled, at redshift z = 0 for the lowest (dotted lines) and highest (solid lines) filaments' density quartiles, corresponding to log(ρ/Mpc −3 h −3 ) < −1.1 and log(ρ/Mpc −3 h −3 ) > 0.76, respectively (see Table A7 for all M bins). The error bars represent the Poisson noise. The horizontal black dashed line represents a random distribution. Parallel alignement of the galaxy spin with respect to filaments is at low mass dominated by galaxies associated with high density filaments. The transition from parallel to perpendicular orientation of the spin occurs at higher stellar mass in high density environments.
galaxies of the same filament that are further away typically have lower local density, compared to galaxies located in the vicinity of the nodes. Indeed, when considering the local density, the effect at high density is enhanced for galaxies in low M bin, while high mass galaxies are clearly perpendicular orientation, even at the highest densities. Thus the positive residuals at high filament's density are driven by galaxies further away from nodes. This is consistent with the interpretation that mergers (or equivalently accretion along the filaments), frequent in the nodes of the cosmic web, are driving the spin flips. We conclude that the exact 3D position of galaxies in the frame of the cosmic web is important to interpret the observed trends, as galaxies and their properties trace the geometry of the bulk flow within that frame (see e.g. Kraljic et al. 2019) . 
Figure 15. Top row: Mean alignment between the spin of galaxies and filaments as a function of halo mass M h (left), host filament's density ρ f (middle) and local density ρ (right) of galaxies at z = 0. Galaxies living in low mass halos tend to align their spin with the filament's axis, at intermediate halo mass they tend to have their spin in perpendicular direction, while at high halo mass only centrals continue to spin in perpendicular direction to the filaments. Galaxies associated with low density filaments have their spin preferentially in perpendicular direction to filaments, while at high densities, there is a clear trend for galaxies to align their spin with their host filament. Galaxies living in high density regions tend to have their spin in perpendicular direction to the filament's axis. Bottom row: Residuals of the cosine of the angle between the spin of galaxies and the direction vectors of their closest filament cos θ f −g at fixed M . Trends seen as a function of halo mass are entirely driven by M , while parallel spin-filament orientation of galaxies is clearly dominated by galaxies associated with high density filaments. Perpendicular spin-filament orientation of galaxies is marginally found to be dominated by galaxies living in highest density regions.
SUMMARY AND DISCUSSION
We have investigated the correlation between the spin orientation of galaxies and halos and their large-scale anisotropic environment using the state-of-the-art cosmological hydrodynamical simulation SIMBA. The orientation of the angular momentum was measured relative to the direction of filaments and walls identified with the topological extractor DISPERSE. Our main focus was on its evolution as a function of stellar mass and redshift, as well as its dependence on secondary internal parameters such as morphology, HI content, star formation activity, and external parameters such as their halo mass, filament's density and the central/satellite dichotomy. Our principal findings are as follows.
• Halos: Halos show a strong alignment of their spin parallel to the filaments and walls at low masses and orthogonal at high masses, with a transition occurring at around log(M h /M ) ≈ 12.0 ± 0.5 at z = 0 for filaments, and at slightly higher mass for walls. This transition mass decreases with increasing redshift.
• Galaxies: Galaxies' spin flip occurs at a corresponding mass of log(M /M ) ≈ 10 ± 0.5.
• Morphology: The perpendicular orientation is driven by highmass dispersion-dominated systems, while rotation-dominated galaxies drive the parallel alignment at low masses. There is an additional weak trend due to morphology, beyond the trend established by M alone.
• Star formation: Star-forming galaxies are preferentially parallel to filaments and quiescent galaxies tend to orient themselves perpendicularly, however this trend can be explained purely by its M dependence.
• HI mass: Interestingly, spin alignment is found to correlate significantly with HI content. Even at a given stellar mass, galaxies with high HI mass tend to align their spins with the axis of the filament while the spin of low HI-mass galaxies is more likely to be perpendicular to the direction of the closest filament. This suggests that recent accretion drives up both galaxy spin as well as HI content, and that the accretion appears to have an angular momentum that is parallel to the filament.
• Host halo mass: Low mass galaxies align their spin to filaments in both low and high mass (main) halos. High mass galaxies are all found in high mass halos, therefore they all display a preferential orthogonal orientation of their spin with respect to filaments. However, no additional dependence of the spin-filament orientation on the halo mass is detected beyond the M dependence.
• Centrals/Satellites: Central and satellite galaxies both show a stellar mass dependent flip of their spin with respect to filaments at z = 0. Due to the tight (main) halo mass-stellar mass correlation for centrals, this population of galaxies shows also a halo mass dependent flip of their spin, with centrals living in low (high) mass halos aligning their spin in parallel (perpendicular) direction to the filaments' axes. Spin-filament alignment for satellites does not show any correlation with the mass of their main halo. At fixed M , no residuals in the alignment signal as a function of halo mass are detected, neither for centrals nor for satellites.
• Centrals/Satellites vs. halo spin: Central galaxies tend to align their spin with the spin of their host halos at all stellar masses, while satellites show no correlation. Halos of centrals align their spin with the filaments at low stellar and halo mass, and have their spin perpendicular at high stellar and halo mass. Halos of satellites have their spin clearly perpendicular independently of stellar mass, and in all but the lowest halo mass bin.
• Local and nearby filaments' density: The alignment signal at low M is dominated by galaxies of high density filaments, while at high M , spin of galaxies is orthogonal to filaments at all densities. As a result, the residuals at fixed M suggest that at low filaments' densities, galaxy spins tend to be orthogonal, and at high densities parallel to the host filaments. When considering instead the density at the location of galaxies, residuals at fixed M are close to zero, suggesting that stellar mass is enough to account for the observed spin flip.
The alignment of the spin of halos with respect to filaments of the cosmic web has received a lot of attention in the past, in part to test predictions from tidal torque theory, and the canonical assumption used in e.g. semi-analytic models that the spin of the galaxy follows the direction of its host halo. In contrast, studies of the alignment of the galaxy spin in the context of large scale structure have emerged only recently, motivated for example because intrinsic alignments are a source of contamination for weak lensing-based dark energy surveys (Chisari et al. 2017) .
Our results for halos' spin showing a flip in spin orientation from low to high masses, and the corresponding transition mass, are in a good agreement with trends seen in both dark matter only simulations (e.g. Aragón-Calvo et al. 2007; Codis et al. 2012; Ganeshaiah Veena et al. 2018) , and most hydrodynamical simulations (e.g. Codis et al. 2018; Ganeshaiah Veena et al. 2019) . Analogously, the stellar mass dependent flip of galactic spin found in the present work is also consistent with findings of Welker et al. (2014) ; Codis et al. (2018) and , at z ≤ 2 and z = 0, respectively. While we did not test the specific role of mergers as in Welker et al. (2014) , their results that mergers do not play a role in low-mass spin alignments is consistent with the importance of accretion as traced by HI content for driving the spin alignment in SIMBA. The lack of detection of a clear transition reported by Ganeshaiah Veena et al. (2019) was argued to be a consequence of the properties of the underlying filament, with galaxies in thinner filaments having their spins more likely perpendicular to the filament's axis, compared to galaxies of similar mass in thicker filaments. A straightforward interpretation of this result is the multi-scale nature of the problem. At fixed halo mass, changing the thickness of filaments is equivalent to changing the smoothing scale defining the filament, hence changing the mass of non-linearity against which that mass must be compared 4 . Conditional TTT predicts that if it is below the corresponding mass of non-linearity (thick filament), the spin tends to be parallel, and if it is above, the spin is perpendicular. To confirm this, since filament thickness is not something that is topologically defined, hence not characterized using DISPERSE, we used the filament density as a proxy instead. With this proxy, our findings are consistent with conditional TTT predicting stronger impact of large scale tides on the galaxy spin orientation in denser filaments.
Regarding the dependence of the spin-filament alignment on the internal properties of galaxies, our finding that the parallel alignment tend to be driven by galaxies with high v/σ (rotation dominated galaxies) while the perpendicular alignment signal is dominated by low v/σ population (with elliptical morphologies) is in agreement with results of Codis et al. (2018) . The dependence on star formation activity can be explained purely as a stellar mass effect, in qualitative agreement with , when splitting galaxies into blue and red populations based on their g−r color. The stronger signal for morphology versus star formation activity suggests that spin is more directly related to the former.
Consistently with previous studies (e.g. Codis et al. 2018) , the spin of satellites in SIMBA is found to be uncorrelated with the spin of their main halo, while the spin of centrals is much better correlated with that of their halos. It was suggested by these authors that this may be an indication that satellites lose the memory of the filaments from which they emerged during virialisation. That said, we do find in SIMBA that satellites still show a stellar mass dependent flip, in tension with the findings of Codis et al. (2018) at low redshifts, showing no transition and no mass dependence. This may reflect a difference between these simulations in how long satellites retain memory of their original halo's spin, i.e. how much merging and harassment they undergo as satellites.
Interestingly, we find that the parent halos of satellites have their spin clearly perpendicular to the filaments' direction, independently of their stellar mass. Given that satellites tend to live in more massive halos than the centrals at the same stellar mass, this could be a signature of the merger induced perpendicular orientation of halo spins at higher mass. Beyond the processes satellites undergo as they interact with their hosts and other satellites, they are also more likely to be influenced by strong AGN feedback from their massive central, potentially modifying their spin orientation. The implementation of the AGN feedback in the SIMBA simulation differs significantly from the prescription used in other simulations (e.g. ILLUSTRIS-1, EAGLE or HORIZON-AGN), as SIMBA always uses kinetic bipolar outflows for all black hole feedback. Conversely, the more spherical (thermal) feedback implemented in simulations such as EAGLE and for moderate-sized black holes in ILLUSTRIS-1 and HORIZON-AGN may more efficiently destroy the cosmic flows feeding satellites with angular momentum-rich cold gas, and building their own spin parallel to their embedding filaments ).
There has also been some controversy regarding hydrodynamics methodology. As it happens, the results of previous studies on spin alignments in cosmological hydrodynamical simulations seem to fall in two categories depending on the implemented numerical technique. Works using smoothed particle hydrodynamics simulations typically did not detect the mass dependent flip of the spin, in contrast to those analysing simulations using adaptive mesh refinement codes. SIMBA employs an ALE-like (Arbitrary Lagrangian Eulerian) code for hydrodynamics, which is fully adaptive in a Lagrangian sense but uses a Riemann solver rather than smoothed pressures to compute forces, and does not include an artificial viscosity like SPH codes. Our results are more consistent with findings relying on AMR codes using the same cosmic web finder, indicating that (i) the details in modelling of hydrodynamics may play an important role in preserving the subtle interplay between the larger scale cosmic web and the internal dynamics of galaxies; and (ii) AMR grid locking cannot be the sole source of spin alignment at low mass. In addition, different algorithms used to identify the cosmic web may impact the quantitative signal of spin alignments with large-scale structure. Future comparisons to observations should strive to employ similar techniques, such as applying DISPERSE to galaxy redshift surveys.
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